Abstract This study examined the cell growth rate, lipid contents, lipid productivity, chlorophyll a concentration, and carbon dioxide tolerance of Chlorella vulgaris under various cultivation conditions. The pH, concentration of carbon dioxide in media, and light intensity variables were manipulated to obtain high lipid productivity. The optimum conditions were at pH 7.0, 2,930 lux, and 30 % carbon dioxide. Biomass concentration reached 1,288, 1,130, and 1,083 mg L -1 at 15, 30, and 50 % CO 2 after 6 days, respectively, implying that this strain has appreciable tolerance to carbon dioxide. The highest concentration of chlorophyll a occurred at 2,930 lux and decreased with increasing light intensity gradually. The maximum specific growth rate was 3.25 day -1 based on the dry weight and 4.63 day -1 based on the cell number. The lipid content (45.68 %) and lipid productivity (86.03 mg day -1 L -1 ) obtained in this study are higher than reported values in literatures. Hence, C. vulgaris is a good candidate for subsequent research in biodiesel production under elevated carbon dioxide concentration by microalgae.
Introduction
Energy shortage has become a pressing global concern. The production of ethanol from plants to microorganisms and its related metabolic pathways and purification procedures have been widely studied. Cellulose can be converted to bioethanol and other useful biofuel resources, such as furfural (Hsu et al. 2011) . The microorganism-facilitated recovery of biofuel, such as butanol, from waste is a current research topic .
Biodiesel is receiving substantial attention for its superiority over fossil fuels. It is not only a renewable energy source, but also a clean energy source because it does not contain sulfur or nitrogen oxide (Hill et al. 2006; Refaat 2009) . Biodiesel is better suited to current transportation means than bioethanol, as it requires almost no modification of present transportation infrastructure and has already used by several countries (Mata et al. 2010) . Many researchers have attempted to increase the productivity of biodiesel and decreased its production cost (Ma and Hanna 1999; Refaat et al. 2008) . Selecting a suitable organism as biodiesel producer plays an important role in this process (Marchetti et al. 2007; Rosenberg et al. 2008) . Microalgae have the most promising characteristics of currently known biodiesel producers (Gouveia and Oliveira 2009) .
Microalgae can photosynthesize efficiently on a large scale even with not much space and water, and therefore do not displace food crops (Gouveia and Oliveira 2009) . Microalgae consume carbon dioxide, which serves as a major cause of global warming. Moreover, carbon dioxide (CO 2 ) from flue gas can be used as a substrate to cultivate microalgae to decrease production cost and CO 2 emission (Hamasaki et al. 1994; Douskova et al. 2009 ). Microalgae contain abundant lipids (raw materials for biodiesel), carbohydrates (raw materials for bioethanol), and valuable nutrients, such as protein and chlorophyll a (Raja et al. 2008) . One species of microalgae, Chlorella vulgaris, is ideal for biodiesel production because of its easier cultivation and higher photosynthetic efficiency as compared to terrestrial plants, and wide applicability (Griffiths and Harrison 2009; Keffer and Kleinheinz 2002) . Although few strains, such as Botryococcus sp., are richer in lipid content (Huang et al. 2013) , C. vulgaris is still outstanding in lipid productivity (Hsieh and Wu 2009; Lv et al. 2010) . Moreover, C. vulgaris can be acclimated to high concentrations of CO 2 , rendering it suitable for commercial cultivation with flue gas as a source of CO 2 (Maeda et al. 1995; Douskova et al. 2009 ).
Optimizing the cultivation conditions and increasing CO 2 tolerance are indispensable to the efficient application of C. vulgaris. Flue gas contains 10-20 % CO 2 on an average, including sulfides and/or nitrogen oxide compounds. If C. vulgaris can acclimate to higher CO 2 level and use it as a carbon source, using flue gas as a carbon source can decrease both the cost of biodiesel production and its effect on global warming.
This study identified the cultivation parameters for high lipid content and lipid productivity under CO 2 resistance conditions. The effects of pH, light intensity, and CO 2 concentration on the growth of C. vulgaris strain NIES-2173 were investigated. Biomass, cell number, and amount of chlorophyll a were measured to characterize the growth behavior of the microalgae. This work was done at Chung Yuan Christian University, Taiwan, and was completed in March 2012.
Materials and methods

Microalgae and culture medium
Freshwater C. vulgaris NIES-2173 was purchased from National Institute for Environmental Studies, Tsukuba, Japan. The medium used for cultivation was BG-II (Rippka et al. 1979) Light intensity was measured by a Lux Meter TM 50000 (TOMEI, Tokyo, Japan). Cultivation of algae was conducted with 500 mL to 2,000 mL Erlenmeyer flask fabricated with a sampling port situated in the wall of the flasks. The flask was installed with a sparger and an exhaust gas tube fixed at the plug inserted at the top of the flasks. The design of sparger was of loop type hanging in the bottom of the flasks. Sparger surface porosity and average pore size are 0.5 and 1.0 lm, respectively. The cultivation was put in a thermostat controlled at 30°C. The source of light was from TL-D fluorescent tubes (Philips International B. V., Amsterdam, Holland) irradiated from the outside of the flasks. The fluorescent tubes were situated around left-right and front-rear of inner wall in the thermostat. Cultivation vessels were manufactured by DURAN Group (Mainz, Germany). Aeration rates were kept at 0.5 vvm throughout the experiments. Samples were taken via sampling port with an antiseptic syringe.
Determination of dry weight and cell number A 10 mL suspensions of algae were filtered through preweighted dried filter paper washed with distilled water to remove impurities, then dried under 100°C and weighed to obtain algae dry weight (DW).
The sample was serially diluted and then counted using a hemacytometer (Marienfeld, Lauda-Königshofen, Germany). The number was then multiplied by the dilution ratio to obtain the cell number in the unit cells mL -1 .
Measurement of chlorophyll a
The concentration of chlorophyll a can reflect the growth condition of microalgae. To measure chlorophyll a, the experiments in this study adopted the National Institute of Environmental Analysis (NIEA), number E508.00B (Environmental Analysis Laboratory, EPA, Executive Yuan, Taiwan 2002).
Determination of lipid content
Microalgae were harvested, centrifuged, frozen, and lyophilized to obtain dried algae powder. The algae powder was weighed and then extracted with a chloroform/methanol mixture of 1:2 (v/v) with ultrasonic waves. The chloroform layer was collected, dried, and weighed to obtain total lipid content (Bligh and Dyer 1959) .
Lipid content ð%Þ = Weight of lipid=weight of dry algae powder Â 100 %
Experimental parameters
The effects of different pH (7, 8, 9, and 10) were observed in batch cultures under 30°C, 9,600 lux (134 micro mol photon m -2 s -1 ), and 0.5 vvm air. The effects of different light intensities (1, 670, 2, 930, 4, 730 , and 9,600 lux) were observed in batch cultures under 30°C, 0.5 vvm air and pH 7. The effects of CO 2 were observed under 30°C, 2,930 lux, and pH 7, with 0.5 vvm input of gaseous mixtures of air and pure CO 2 (0, 15, 30, 50, 100 % CO 2 ). Samples were taken from the cultivation vessel at 12-h intervals for 144 h. Data were measured in triplicate.
Data analysis
Lipid productivity was calculated using Eq. 2, and the specific growth rate (l) was calculated using Eq. 3.
Results and discussion
Cell growth and chlorophyll a content at various operational conditions
Figures 1, 2 and 3 show the variations in algae dry weight and chlorophyll a concentration in algae over time at various operational conditions. Figure 1 reveals that the highest algal dried weight (1,137 mg L -1 ) and chlorophyll a concentration were obtained at pH 7. Further, the greatest net specific growth rate, maximum specific growth rate and accumulated cell number occurred at pH 7 (supplement information, Table S1 ). Therefore, pH 7 was chosen for optimum pH in successive experiments to find the optimum light intensity and CO 2 concentration. Figure 2 shows the effects of light intensity on cell growth and chlorophyll a concentration. The concentration of chlorophyll a (Fig. 2b) attained the highest values at a light intensity of 2,930 lux, and decreased gradually with increasing light intensity. These results imply that the light inhibition occurred beyond 2,930 lux. Therefore, 2,930 lux was chosen as the optimum light intensity for examining the effects of CO 2 concentration on cell growth and chlorophyll a content. However, the highest dry weight (887 mg L -1 ) occurred at a light intensity of 9,600 lux (Fig. 2a) . This phenomenon will be discussed in the next section. Figure 3 shows the effects of CO 2 concentration on growth and chlorophyll a content in C. vulgaris NIES-2173 cells. The highest cell number (1.06 9 10 11 cells L -1 , Table 1 ) and concentrations of chlorophyll a (Fig. 3b) were obtained in the aeration without supplementing the CO 2 . The maximum specific growth rate was 4.63 day -1 , as calculated from the cell number. However, the highest cell mass concentration/dry weight (1,288 mg L -1 ) appeared at 15 % CO 2 (Fig. 3a) . At 30 and 50 % CO 2 , the cell dry weight increased to 1,130 and 1,083 mg L -1 , respectively. These results are higher than the cells cultivated only with air (920 mg L -1 ), indicating the microalgae have CO 2 tolerance up to 50 %. These results are similar to those obtained by (Maeda et al. 1995) . Figure 3 shows that C. vulgaris can grow in 15, 30, and 50 % of CO 2 , indicating the possibility of using flue gas as a carbon source. Although the previous research indicates that a high CO 2 concentration (e.g., 10 %, Chiu et al. 2008) inhibits the growth of C. vulgaris, the results obtained in the current study show that C. vulgaris can grow well in CO 2 concentrations ranging from 15 to 50 %. Furthermore, analysis of variance (ANOVA) results indicate that pH, light intensity, and CO 2 concentration were significant factors affecting the dry weight, with a p value less than 0.01. The pH and CO 2 concentrations were significant factors affecting the concentration of chlorophyll a with p values less than 0.01, while light intensity with a p value less than 0.05 (supplement information, Table S2 ). Chlorella contains protein, carbohydrate, and lipid levels suitable for different applications such as nutritional supplement, bioethanol, and biodiesel (Ramos et al. 2010; Lee et al. 2011; Sun et al. 2011) . For more effective application of C. vulgaris, it is important to determine the cultivation conditions that influence the constituents of C. vulgaris cells (Wang et al. 2010; Kaur et al. 2012; Yeh and Chang 2012) . Table 1 shows the dry weight of cells, weight of chlorophyll a, and lipid amount of single cells cultured in different conditions. Figure 4 shows the lipid content and productivity under different cultivation conditions. Table 1 indicates that the biomass, chlorophyll a content, and lipid amount of single cells slightly changed with respect to pH, resulting in a minor decreasing trend in total lipid content (from 25.50 to 24.33 %) (Fig. 4) . The highest values of biomass and lipid amount were 92.1 and 22.38 pg/cell, respectively, obtained at pH 10. Meanwhile, the highest amount of chlorophyll a was obtained at pH 8 (Table 1) . Table 1 shows that the amount of biomass and lipids in single cells increased significantly under greater light intensity. However, the amount of chlorophyll a did not exhibit the same response. The maximum values of dry weight and lipid amount of single cells were 62.0 and 18.06 pg/cell, respectively (Table 1) . This phenomenon can be attributed to light-induced algal growth, which promoted the accumulation of extra metabolites, such as carbohydrates and lipids. In addition, the lipid productivity reached the highest value of 43.05 mg day -1 L -1 at 9,600 lux. These results imply that the cultivation of C. vulgaris NIES-2173 at 9,600 lux is suitable for both bioethanol and biodiesel production. Nevertheless, the same level of lipid productivity (41.11 mg day -1 L -1 ) was obtained at the light intensity of 2,930 lux, and the highest lipid content (32.03 %) was reached (Fig. 4) . This indicates that 2,930 lux is a better choice for producing biodiesel, because it requires relatively simple and cheap equipment. The resulting cell number of C. vulgaris NIES-2173 cultured in 100 % CO 2 was 3.63 9 10 9 cells L -1 , which was approximately 3.4 % of that cultured in air. These extreme environmental conditions likely inhibited the reproduction of cells, increasing biomass dry weight, chlorophyll a, and lipid per cell (Table 1 ). The lipid content and lipid productivity of the whole culture was the lowest among the different concentrations of CO 2 tested (Fig. 4) . Nevertheless, C. vulgaris NIES-2173 was cultivated successfully in 50 % CO 2 . The amount of biomass and lipid in single cells changed significantly with a higher concentration of CO 2 , but the amount of chlorophyll a remained almost the same (Table 1) . When considering different concentrations of CO 2 from 0 to 50 %, the highest values of biomass, chlorophyll a, and lipid were 36.1 pg/cell, 0.263 fg/cell, and 13.15 pg/cell, respectively (Table 1) .
A comprehensive observation of Table 1 and Fig. 4 reveals that the factors influencing the amount of chlorophyll a in single cells are pH and CO 2 concentration, whereas pH, light intensity and concentration of CO 2 influenced dry weight and lipid amount of single cells. The lipid content of the whole culture was influenced by both light intensity and concentration of CO 2 . Lipid productivity was influenced by three factors-both highest lipid content (45.68 %) and productivity (86.03 mg day -1 L -1 ) appear at 30 % CO 2 , 2,930 lux, and pH 7.0.
Comparison with other investigators
The results of this study show great competitiveness compared to others. First, this particular strain of C. vulgaris has an amazing tolerance toward CO 2 (up to 50 %) compared to the results of Chiu et al. (2008) , who showed that the growth of Chlorella is limited by a CO 2 concentration exceeding 2 %. Furthermore, the lipid content reached its highest value at 30 % CO 2 , whereas Lv et al. (2010) showed that lipid content decreased if the CO 2 concentration exceeded 1 %. Maeda et al. (1995) showed that Chlorella can withstand 50 % CO 2 , but did not provide data on the lipid content. Thus, the optimum cultivation conditions for producing biodiesel remain uncertain. This study demonstrates that 30 % CO 2 is the optimum concentration for biodiesel production, and 15 % CO 2 produces the highest dry weight, as corroborated by Maeda et al. (1995) .
This study also shows a relatively high lipid productivity (86.03 mg day -1 L -1 ) and lipid content (45.68 %). Compared to other studies on freshwater C. vulgaris, this lipid productivity is approximately 10.8 times and 5.8 times that of (Illman et al. 2000) under controlled medium and low-N medium, respectively, and superior to Widjaja et al. (2009) and Yeh et al. (2010) (Table 2 ). The maximum lipid content (45.68 %) obtained in this study is also the highest comparing to 18 and 40 % of (Illman et al. 2000) , 29.53 % of (Widjaja et al. 2009 ) and 30-40 % of (Yeh et al. 2010) . Nitrogen is usually the important limiting nutrient for most microorganisms. High amount of lipid is expected to accumulate by limiting the nitrogen source. Illman et al. (2000) conducted low nitrogen medium and the lipid content increased from 18 to 40 %. The cultivation of C. vulgaris NIES-2173 on nitrogen limitation is in progress. The optimum CO 2 concentration in this study is 30 %, which is higher than the data published by other investigators (Table 2 ). This indicates that the strain acclimatized in this study is suitable for use with flue gas as the carbon source. The specific growth rate of this study is approximately 4.7 times that of (Illman et al. 2000) , and approximately 1.8 times that of (Yeh et al. 2010) . Table 2 compares the results of this study with other investigators.
Conclusion
Chlorella vulgaris NIES-2173 was cultivated to examine its lipid production performance at optimum conditions: pH 7.0, 2,930 lux, and 30 % CO 2 . The growth of cells Maeda et al. (1995) d Data were calculated based on Yeh et al. (2010) declined when the CO 2 concentration exceeded 50 %. The highest lipid content obtained was 45.68 %, and the highest lipid productivity was 86.03 mg day -1 L -1 . The strain adopted in this study is a good candidate for subsequent research on lipid production under elevated CO 2 .
